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Abstract 

Using a phenomcnological model with vector- type interactions, we discuss a 
role of repulsive force in the quark-hadron phase transition at high density. For 
realization of the quark phase at high density, strong vector coupling is needed in 
the hadron phase, while it is forbidden in the quark phase. For the quark-phase, a 
NJL-type model with a multi-quark interaction is investigated. We show that, in 
, this model, the restoration of chiral symmetry decreases effective vector coupling 

and the quark phase is realized at high density, even if we have strong vector 
, coupling at low density. In this model, the strong coupling in the hadron phase is 

' induced by the chiral symmetry breaking. 

■ 1 Introduction 

lO . To study the QCD phase transition at high density, we consider several effec- 

tive models, since lattice QCD is still not feasible due to the sign problem. For 
the confinement-deconfinement (hadron-quark) transition, we often use a so-called 
two-phase description in which the quark and the hadron phases are described sep- 
arately. We compare two phases by the Gibbs criteria at the same temperature 
(T) and the same chemical potential, and it is concluded that a phase which has 
larger pressure is realized. It is well-known that repulsive force between nucleons is 
necessary for realization of the quark-phase at high density. [1] In a free gas model, 
the ratio of the pressure (Pq) of the quark phase to that (Ph) of the hadron phase 

■ becomes in the high density limit, due to the relation /i — 3/xq, where /x and 
fiQ are the chemical potential for the baryon and the quark numbers, respectively. 
Therefore, in a free gas model, the hadron phase is realized at high density. The 
repulsive force between nucleons is needed for the realization of the quark-phase. 
In this brief report, we investigate a role of vector- type repulsive interactions in the 
quark-hadron phase transition at high density. 
2 Formalism 

For hadron phase, we use the Walecka model [2] described by the following 
; "*] ■ Lagrangian. 

Avm = $ [^{idn +ff«AV} _ i M ~ 9<ycr}} ip 

+ ^ad^a - - \m 2 y + F MV = d^ u - d^. (1) 

The ip, <t, w M , M, ra a , m Ul g a and g^, are the nucleon field, the a- meson field, 
the aj-meson field, the nucleon mass, the er-meson mass, the w-meson mass, the 
cr-nucleon coupling and the w-nucleon coupling, respectively. The coupling g a and 
g u are chosen to reproduce to the saturation properties of nuclear matter. We 
remark that the baryonic chemical potential /io at the normal density is equal to 
M — a\ = 923MeV, where a\ is the binding energy of a nucleon in nuclear matter. 

For the quark phase, we use the two flavor NJL-type model with vector inter- 
action [3] which is described by the following Lagrangian. 

£njl - ^7^-m )g+^((^) 2 + (^75r g ) 2 )-^( g -7^) 2 . (2) 
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The G s and G v are the coupling constants for the scalar and the vector-type inter- 
actions, respectively. The G s and the cut-off A are chosen to reproduce the pion 
decay constant f v and the pion mass ra„ while we treat G v as a free parameter. 
[4] If we introduce the auxiliary meson fields 

7T = qi'ysTq, a = qq, ui^ = qj^q 

, which correspond to the meson fields in the Walecka model, £njl is rewritten as 
follows. [5] 



G s G v 



£qwcru, = qiil^d^ - m )q + G s (aqq + n ■ qi^Tqj - G v uj^q-y^q - -y (a 2 + tt 2 ) + 

To determine which phase is realized, we should compare pressures in two 
phases. Because of the saturation properties of nuclear matter, Ph = at the 
normal density. Therefore, for realization of the hadron phase at the normal den- 
sity, 

P Q (T - 0, M - A*o) < Ph(T = 0, ft = mo) = 

is needed. Since 
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where uq is the quark number, the following inequality should be satisfied. 

-B = P Q (T = 0, Ai = 0)fP Q (T = 0, Ai = Mo) <0 

In the following, we call Pa" bag constant" . Therefore, a positive bag constant is 
needed for the realization of the hadron phase at the normal density. 

3 Numerical results 

For numerical calculations, we use the mean field approximation. In Fig. 1, we 
show the pressures of both phases at T = as functions of /i 4 . It is seen that the 
hadron phase is realized at high density, if vector coupling is strong in the quark 
phase. (In this figure, we put B = 0. Realization of the quark phase is less favorable 
for the case of a positive bag constant. ) For the realization of the quark phase 
at high density, strong vector coupling is needed in the hadron phase, while it is 
forbidden in the quark phase. 

It may be natural that, at low density, the strong vector-coupling in Eq. (1) is 
related to the vector coupling in Eq. (2). If wc add the multi-quark interaction 

G 



£mqi = -^((qqf + (qh5?q) 2 )(qrq) 2 



to £n.tl, the effective vector coupling G* = G v + G sv a 2 decreases as the density 
increases. (See Fig. 2. ) [4] As is seen in Fig. 1, the quark-phase is realized at high 
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density even if G' v = G*(yU = 0) is large. With an assumption G v h(= ^t) ~ 3G V , 
this result may indicate that the strong vector coupling in the hadron phase is 
induced by the chiral symmetry breaking. 

4 Summary 

In summary, we have investigated a role of repulsive force in the quark-hadron 
phase transition at high density. For realization of the quark phase at high density, 
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strong vector coupling is needed in the hadron phase, while it is forbidden in the 
quark phase. The NJL-type model with a multi-quark interaction may relate the 
weak vector coupling in the quark phase to the strong vector coupling in the hadron 
phase. This result may indicate that the strong vector coupling in the hadron phase 
is induced by the chiral symmetry breaking. 
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Ph : Walecka model. 
NJL : G v = 0. 
NJL' : G v = G s /1.5. 
NJL" : £ NJL + £ MQ i. G' v = G s /1.5. 
Fig.l Pressures in the hadron and the quark phase. Fig. 2 Effective vector coupling in NJL". 
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